In microaerophilic or anaerobic environments, Pseudomonas aeruginosa utilizes nitrate reduction for energy production, a process dependent on the availability of the oxyanionic form of molybdenum, molybdate (MoO 4 2؊ ). Here, we show that molybdate acquisition in P. aeruginosa occurs via a high-affinity ATP-binding cassette permease (ModABC). ModA is a cluster D-III solute binding protein capable of interacting with molybdate or tungstate oxyanions. Deletion of the modA gene reduces cellular molybdate concentrations and results in inhibition of anaerobic growth and nitrate reduction. Further, we show that conditions that permit nitrate reduction also cause inhibition of biofilm formation and an alteration in fatty acid composition of P. aeruginosa. Collectively, these data highlight the importance of molybdate for anaerobic growth of P. aeruginosa and reveal novel consequences of nitrate reduction on biofilm formation and cell membrane composition.
P
seudomonas aeruginosa is a ubiquitous environmental organism, capable of survival and proliferation under diverse conditions. In anaerobic environments, P. aeruginosa is capable of dissimilatory reduction of nitrate for energy production (1, 2). The major dissimilatory nitrate reduction pathway employs four enzymatic complexes to reduce nitrate to nitrite (NarGHI), nitrite to nitric oxide (NirS), nitric oxide to nitrous oxide (NorCB), and, finally, nitrous oxide to dinitrogen (NosZ) (3) . P. aeruginosa also possesses a periplasmic nitrate reductase complex (NapAB), although this is not believed to play a major role in anaerobic growth (4, 5) . The anaerobic nitrate regulator, Anr, of the fumarate and nitrate reductase (Fnr) family of transcriptional regulators, controls transcription of the dissimilatory nitrate reduction pathway (6, 7) . Anr senses oxygen tension via its [4Fe-4S] 2ϩ cluster (8) . Under low oxygen tension, Anr upregulates expression of the nar operon and the dissimilatory nitrate reductase pathway regulator, dnr, which further modulates expression of the nar operon, the nirQ regulatory gene, and norCB (3, 7, 9, 10) . As a consequence, in response to low oxygen tension, the cell is able to reduce nitrate to dinitrogen and generate energy for growth.
Each enzyme of the dissimilatory nitrate reductase pathway utilizes a transition metal cofactor for its activity, namely, iron, copper, or molybdenum (11) . The initial enzymatic complex NarGHI, which reduces nitrate to nitrite, requires molybdenum incorporated in a modified molybdenum cofactor, Mo-bis molybdopterin guanine dinucleotide (MGD) (12) . Cellular molybdenum uptake occurs in the form of its oxyanion, molybdate (MoO 4 2Ϫ ), referred to here as Mo. Upon uptake, Mo is introduced into a complex molybdopterin molecule to generate the molybdenum cofactor (MoCo), which may then be further modified prior to insertion into MoCo-dependent proteins (13) . Such proteins include dimethyl sulfoxide (DMSO) reductase, xanthine oxidase, and sulfite oxidase, all of which have broad roles in nitrogen, carbon, and sulfur metabolism (13, 14) . Acquisition of Mo by prokaryotes occurs primarily via a high-affinity ATP-binding cassette (ABC) permease, ModABC. Secondary transport has been reported via sulfate/thiosulfate ABC permeases and a nonspecific anion importer in Escherichia coli (15) , as well as a low-affinity Mo ABC permease, MolABC, in Haemophilus influenzae (16) . However, no such MolABC ortholog has been identified in P. aeruginosa (17) . The high-affinity Mo ABC importer, ModABC, comprises a solute binding protein (SBP) (ModA), responsible for binding Mo; a dimer of nucleotide binding domains (ModC) which hydrolyze ATP in the cytoplasm to energize the transporter; and two transmembrane domains (ModB) which traverse the membrane and to which ModA delivers its cargo for transport (18) . In Gram-negative organisms, ModA is a soluble, freely diffusible, periplasmic SBP that delivers Mo to the assembled ModB 2 C 2 permease (19) , whereas in Gram-positive bacteria, ModA is lipid anchored to the cell membrane (20) . The ModABC system has been extensively characterized in E. coli, where its expression is under the control of the Mo-binding LysR transcriptional regulator, ModE (21) (22) (23) . In addition to binding Mo, E. coli ModA has been shown to bind its structurally similar oxyanion, tungstate (WO 4 2Ϫ ) (24) , referred to here as W. Furthermore, substitution for Mo has also been observed in ModE (22) , likely exerting deleterious effects on gene regulation. Despite the ability of W to be bound by ModA, potentially facilitating transport, there are currently no physiological roles for W in E. coli. Organisms that specifically utilize W, such as the archaea Pyrococcus furiosus and Archaeoglobus fulgidus and the bacterium Campylobacter jejuni, encode W-specific (TupABC) or Mo/W (WtpABC) ABC importers in their genomes (25) (26) (27) . No orthologs of these systems have been identified in P. aeruginosa (17) . Whether, similarly to E. coli, P. aeruginosa ModABC is capable of W binding and import remains to be determined.
In this study, we have characterized the P. aeruginosa PAO1 ModA component of the Mod permease and assessed the contribution of molybdate uptake to nitrate reduction, biofilm formation, and cellular physiology under oxygen-limiting or anaerobic conditions. This work also provides new insight into the ability of W to substitute for Mo in transport, regulation, and functional roles.
MATERIALS AND METHODS
Bacterial strains, media, and growth. The wild-type P. aeruginosa strain used in this study was PAO1, with the ⌬modA deletion mutant made using PAO1 according to the method of Choi and Schweizer (28) with primers listed in Table 1 . P. aeruginosa was grown in a semisynthetic cation-defined medium (CDM) containing 8.45 mM Na 2 HPO 4 , 4.41 mM KH 2 PO 4 , 1.71 mM NaCl, and 3.74 mM NH 4 Cl, supplemented with 0.5% yeast extract (Difco, Becton Dickinson, USA) and vitamins (0.2 M biotin, 0.4 M nicotinic acid, 0.24 M pyridoxine-HCl, 0.15 M thiamine-HCl, 66.4 M riboflavin-HCl, and 0.63 M calcium pantothenate) and Chelex-100 treated. CaCl 2 and MgSO 4 were subsequently added to 0.1 mM and 2 mM, respectively. Metal concentrations of the CDM were ascertained by inductively coupled plasma mass spectroscopy (ICP-MS), with molybdenum and tungsten both present at Յ10 nM, respectively. When required, cultures were supplemented with 100 mM KNO 3 and with 10 mM Na 2 MoO 4 and/or Na 2 WO 4 .
For bacterial growth, medium with nitrate and metal supplementation where appropriate was inoculated to an optical density at 600 nm (OD 600 ) of 0.05 using overnight culture. Cells were grown to an OD 600 of 0.6 on an Innova 40R shaking incubator (Eppendorf, Germany) at 240 rpm, 37°C. If required for anaerobic shift, the culture was then transferred to a smaller sterile tube, completely filling it to minimize the amount of oxygen available. Cultures were then statically incubated with tightened lids at 37°C for 2 h, allowing oxygen depletion and a switch to anaerobic respiration. To confirm cell viability, CFU · ml Ϫ1 and OD 600 were determined before and after the anaerobic shift experiment, with no change observed. Twenty-four-hour cultures were inoculated similarly; however, lids of tubes were kept loose followed by static incubation at 37°C for 24 h. Those for anaerobic growth were placed in a GasPak EZ anaerobic chamber with a single GasPak EZ anaerobic chamber sachet and oxygen indicator (Becton Dickinson, USA). The chamber was closed securely and placed at 37°C for 24 h.
Whole-cell metal accumulation. P. aeruginosa was grown to an OD 600 of 0.6 at 37°C, on an Innova 40R shaking incubator at 240 rpm. The bacteria were then washed, by resuspension and centrifugation at 7,000 ϫ g for 8 min, 3 times with phosphate-buffered saline (PBS) containing 5 mM EDTA and then 6 times with PBS. Bacterial pellets were desiccated at 95°C overnight. The dry cell weight was measured, and the pellets were resuspended in 35% HNO 3 and boiled at 95°C for 1 h prior to removal of debris by centrifugation. Samples were diluted to a final concentration of 3.5% HNO 3 and analyzed by ICP-MS on an Agilent 7500cx ICP-MS (Adelaide Microscopy, University of Adelaide) (29) .
Expression and purification of ModA. Recombinant ModA was generated by PCR amplification of P. aeruginosa PAO1 modA using ligationindependent cloning and primers listed in Table 1 to insert the gene into a C-terminal dodecahistidine tag-containing vector, pCAMcLIC01, to generate pCAMcLIC01-ModA. Protein expression was performed in E. coli LEMO21(DE3), by growing the cells in an autoinducing TB medium (Overnight Express; Merck, USA) using UltraYield flasks (Thomson Instrument Company, USA) for 18 h at 27°C, on an Innova 44R shaking incubator at 215 rpm. Cells were harvested; resuspended in 20 mM morpholinepropanesulfonic acid (MOPS) (pH 7.2), 200 mM NaCl, 15 mM imidazole, 10% glycerol buffer with 80 mM (either) Mo or W; and disrupted at 35,000 lb/in 2 by a Constant Systems cell disruptor, and the soluble supernatant was isolated by centrifugation at 4°C for 60 min at 120,000 ϫ g. Purification of ModA was achieved by a Histrap HP column (GE Healthcare, United Kingdom) on an Äkta purifier (GE Healthcare) using a low-salt buffer containing 50 mM MOPS (pH 7.8), 200 mM NaCl, 10% glycerol, and 15 mM imidazole and a high-salt buffer containing 50 mM MOPS (pH 6.6), 200 mM NaCl, 10% glycerol, and 1 M imidazole. ModA was then desalted on a HiPrep 26/10 desalting column (GE Health- MoO 4 or Na 2 WO 4 ) in a total volume of 2 ml into the binding assay buffer (20 mM MOPS, pH 7.2, 100 mM NaCl) for 60 min at 4°C. Unbound metal was removed by desalting on a PD10 column (GE Healthcare) into the binding assay buffer, and the protein concentration was determined. An aliquot of protein was then kept for ICP-MS analysis, and the remainder was mixed with a 10-fold molar excess of the other metal (Mo or W) in a total volume of 2 ml for 60 min at 4°C. Samples were then desalted on a PD10 column. Solutions (2 to 3 M) of metalloaded protein were prepared in 3.5% HNO 3 and boiled for 15 min at 95°C. Samples were then cooled and centrifuged for 20 min at 14,000 ϫ g. The supernatant was then analyzed by ICP-MS, and the metal-to-protein ratio was determined. The thermodynamic stability assay (TSA) was performed as previously described (29, 30) .
RNA isolation. Cells were grown aerobically or statically for 24 h as detailed above and then harvested at 7,000 ϫ g for 8 min at 4°C and lysed in TRIzol reagent (Life Technologies, USA) and chloroform. Following phase separation by centrifugation, RNA was isolated from the aqueous phase using a PureLink RNA minikit (Life Technologies). DNase I treatment was performed on 1 g total RNA using 100 units of recombinant RNase-free DNase I (Roche, Germany) at 37°C for 15 min, prior to inactivation of the enzyme by the addition of EGTA (pH 8.0) to a final concentration of 2 mM and incubation at 65°C for 10 min. Samples were analyzed by quantitative reverse transcription-PCR (qRT-PCR) or stored at Ϫ80°C until required.
qRT-PCR. For transcriptional analysis of aerobic or anaerobic shift cultures with an OD 600 of 0.6, qRT-PCR was performed using a two-step method as previously described (31, 32) . Briefly, cDNA was synthesized using random hexamers (Sigma-Aldrich, USA) and Moloney murine leukemia virus RNase H-minus point mutant (M-MLV, RNase H minus) reverse transcriptase (Promega, USA), per the manufacturer's protocol. Quantitative PCR (qPCR) was performed on a LightCycler 480 (Roche) using DyNAmo ColorFlash SYBR green qPCR mix (ThermoFisher Scientific, USA). For analysis of RNA from 24-h cultures, qRT-PCR was performed on a LightCycler 480 (Roche) using the SuperScript III Platinum SYBR One-Step qRT-PCR kit (Life Technologies). Oligonucleotides used in this study were designed using Primer3 integrated within UGENE v1.11.4 (Unipro) (33) and are listed in Table 1 . 16S rRNA and the constitutively expressed sigma factor gene rpoD (PA0576) were used as controls to normalize gene expression, with the data representing biological triplicates.
Nitrate reductase assay. Cultures were grown with 100 mM KNO 3 , either to an OD 600 of 0.6 prior to a 2-h anaerobic shift or statically for 24 h, as described above. The assay was performed on whole cells, principally as described by Filiatrault and coworkers (34) . Following growth, chloramphenicol was added to 25 g · ml Ϫ1 and incubated for 5 min prior to harvest by centrifugation at 2,250 ϫ g, resuspension, and washing of cell pellets twice in 50 mM phosphate buffer (pH 7.2). Washed cell pellets were resuspended in 1 ml of 50 mM phosphate buffer (pH 7.2), and OD 600 was determined using 100 l culture. One hundred microliters of freshly prepared 0.5 mg · ml Ϫ1 methyl viologen was added to 800 l of cell suspension, plus 100 l of a solution containing 4 mg · ml Ϫ1 Na 2 S 2 O 4 , 4 mg · ml Ϫ1 NaHCO 3 , and 100 mM KNO 3 . Control reaction mixtures received an equivalent solution that lacked Na 2 S 2 O 4 . Samples were incubated without agitation for 5 min and appeared blue. The reaction was stopped by vortexing until clear. Immediately, 1 ml of 1% sulfanilic acid prepared in 20% HCl was added to stop the reaction, followed by vortexing for 15 s. One milliliter of 1.3 mg · ml Ϫ1 N-(1-naphthyl)ethylenediamine dihydrochloride was then added to permit formation of a pink azo dye. Samples were incubated for 13 min, prior to centrifugation to remove cell debris. One hundred fifty microliters of clarified solution was transferred to a microtiter plate (Greiner Bio-One, Germany) to permit analysis at OD 540 and OD 460 using a PHERAstar FS spectrophotometer (BMG Labtech, Germany). Nitrate reductase activity was expressed in arbitrary units, as calculated using the following formula:
where T ϭ 5 min and V ϭ 3 ml. Biofilm analyses. Planktonic cells and media were discarded from 5-ml 24-h static cultures, which were prepared as described above. Biofilm cells were washed twice in tap water and stained with 0.1% crystal violet for 10 min. Crystal violet was then discarded, followed by 3 washes of the stained cells in tap water, and then left to dry. To determine relative biofilm formation, with the exclusion of the pellicle or air-liquid interface biofilm, 3 ml 30% acetic acid was carefully added and allowed to solubilize the biofilm for 10 min, after which 200 l was transferred to a 96-well microtiter plate (Costar, Corning, USA) for analysis by well scanning at OD 595 using a PHERAstar FS spectrophotometer.
FA analyses. Strains for fatty acid (FA) analysis were grown statically for 24 h as described above. Total cellular lipids were extracted using chloroform-isopropanol and were subsequently methylated using a 1% sulfuric acid solution in methanol. The fatty acid methyl esters were analyzed by gas chromatography at the School of Agriculture, Food and Wine, University of Adelaide, as previously described (35) .
BATH. Cultures for the bacterial-adherence-to-hydrocarbons (BATH) assay were prepared from overnight seed cultures diluted 1 in 25 into fresh medium prior to 24-h static growth at 37°C. Cells were harvested by centrifugation at 2,250 ϫ g and 25°C for 20 min. Cell pellets were resuspended in potassium-urea-magnesium (PUM) buffer (127 mM K 2 HPO 4 , 53 mM KH 2 PO 4 , 29.97 mM urea, 0.8 mM MgSO 4 · 7H 2 O) for two 5-ml washes. Cells were resuspended in 5 ml PUM buffer prior to dilution to 6 ml of an OD 600 of 0.25. Three milliliters xylene was added to each sample, vortexed for 30 s, and allowed to separate over the course of 5 min. Glass Pasteur pipettes were used to extract 1 ml of the hydrophilic layer to determine OD 600 . Hydrophobicity (association with xylene) was expressed as a percentage, as calculated using the following formula: % hydrophobicity ϭ 100 Ϫ OD 600 of hydrophilic phase total OD 600 (2)
RESULTS

ModA is required for Mo acquisition.
Molybdate acquisition in prokaryotes, such as E. coli, occurs primarily through a high-affinity ModABC ABC permease. In P. aeruginosa, PA1863 encodes a 251-amino-acid protein that shares ϳ30% identity with the cluster D-III SBP ModA from E. coli (36) (see Fig. S1 in the supplemental material). The proposed P. aeruginosa modA is clustered with two other genes in a putative operon that includes PA1861 (modC) and PA1862 (modB). Overall, the genetic organization is indicative of a canonical ABC import pathway (37) , and orthologous operons can be found in many other Pseudomonas species, including P. fluorescens, P. putida, and P. syringae. Consequently, we sought to ascertain whether the putative modA (PA1863) was responsible for the high-affinity acquisition of Mo by P. aeruginosa. We constructed a modA deletion strain (⌬modA) in P. aeruginosa PAO1, and analysis by ICP-MS showed that loss of the SBP abrogated Mo accumulation (Fig. 1A) . Molybdate uptake could be restored by supplementation of the ⌬modA strain with 10 mM Na 2 MoO 4 . Collectively, these data indicate that ModA has a crucial role in Mo uptake at nanomolar concentrations, but at elevated, nonphysiological Mo concentrations, another unidentified low-affinity or nonspecific uptake pathway(s) could acquire Mo.
Prior studies of the Mo ABC importer from E. coli (ModABC) have shown that although its physiological role was in Mo uptake, E. coli ModA was also able to bind W (24). However, the capability of E. coli ModA to interact with W has no physiological basis, as E. coli does not utilize W-cofactor-containing enzymes and, in many instances, W substitution for Mo results in enzyme inactivation (38) . Only a single exception has been reported, with the in vivo substitution of W in the molybdoenzyme trimethylamine N-oxide (TMAO) reductase (39) . The underlying molecular basis of W interaction with E. coli ModA is most likely a result of the amino acid side chains at the metal-binding site retaining the ligandbinding chemistry permissive for both Mo and W interaction. This limitation in ligand discrimination was recently exemplified in the manganese-recruiting cluster A SBP of Streptococcus pneumoniae, which was shown to have the capacity to interact with any first-row transition metal despite its sole physiological role in manganese acquisition (30) . Thus, the inability of SBPs to discriminate between ligands with similar chemical properties may be a common feature of metal ion ABC importers. Consequently, we also sought to determine whether W supplementation impacted upon Mo accumulation in the wild-type and ⌬modA strains. We observed that upon supplementation with 10 mM Na 2 WO 4 , whole-cell accumulation of Mo by wild-type P. aeruginosa decreased by more than 90% (P ϭ 0.006), consistent with the two ions competing for ModA-facilitated import (Fig. 1B) . Supplementation with equimolar concentrations of Mo and W (10 mM) relieved the competition of W for ModA, allowing restoration of Mo accumulation (P ϭ 0.0009, Fig. 1B) . However, when the ⌬modA strain was supplemented with both Mo and W, ModA-independent Mo acquisition was also reduced (P ϭ 0.0156; Fig. 1B ModA has a single metal-binding site. We then sought to ascertain the stoichiometry of metal binding by ModA. Recombinant ModA was expressed in E. coli, and the protein was purified after incubation with 80 mM Na 2 MoO 4 or Na 2 WO 4 . Analysis of metal-bound ModA by gel permeation chromatography demonstrated the protein to be Ͼ95% homogeneous in size (see Fig. S2A in the supplemental material) and was confirmed by SDS-PAGE to be 28.6 kDa (Fig. S2B) . ICP-MS was used to determine the metal content of the purified protein. Recombinant ModA purified with Na 2 MoO 4 contained 0.99 Ϯ 0.04 mol Mo · mol ModA Ϫ1 ( Fig. 2A) , while the protein purified with Na 2 WO 4 contained 1.05 Ϯ 0.04 mol W · mol ModA Ϫ1 (Fig. 2B ). These data indicate that ModA contained a single metal-binding site, which was capable of accommodating either Mo or W. We then performed a competitive displacement assay by incubating Mo-or W-bound ModA with a 10-fold molar excess of the other metal (W or Mo, respectively; Fig. 2C and D) . Incubation with the competing ligand resulted in complete displacement of Mo from Mo-ModA . Taken together, these data support the ICP-MS analysis regarding metal ion import (Fig. 1B) , which indicates that W can compete with Mo for binding to ModA at the metal-binding site. We then examined the effect of metal binding on the thermostability of ModA. By subjecting ModA to an increasing temperature gradient, the stabilizing effect of the bound metal ion on the tertiary structure of the protein was assessed ( Table 2) . We observed that Mo induced a positive shift in the thermal stability of ModA (ϩ17.6°C), slightly lower than that of W (ϩ22.3°C). Collectively, these data indicate that ModA is able to bind either Mo or W oxyanions, consistent with the bioinformatic predictions and the phenotypic and metal ion accumulation studies.
Anaerobic respiration and nitrate reduction are Mo dependent. Molybdate plays an essential role in anaerobic respiration, where it serves as a component of the molybdenum cofactor in the first step of the nitrate reduction pathway, that is, the reduction of NO 3 Ϫ to NO 2 Ϫ by NarGHI (13, 41, 42) . Consistent with our predictions, the ⌬modA strain, which lacks Mo, did not exhibit significant anaerobic growth over 24 h when supplemented with 100 mM KNO 3 (Fig. 3A) . While some growth was observed for the ⌬modA strain (OD 600 of 0.25), this was likely to have occurred during the ϳ2.5-h period required for the growth chamber to become anaerobic. Anaerobic growth in the presence of 100 mM KNO 3 was also inhibited for the wild-type strain when supplemented with 10 mM W and for the ⌬modA strain under similar conditions (10 mM W; Fig. 3A ), due to both strains being deficient in Mo accumulation (Fig. 1B) . Anaerobic growth of the inhibited wild type (PAO1 plus W) could be restored by supplementation with Mo (PAO1 plus W plus Mo; Fig. 3A ), indicating that it was a lack of Mo accumulation rather than an inhibitory effect of W that was preventing anaerobic growth. To confirm this, nitrate reductase assays, which measure nitrite production, were performed on 24-h static cultures of the ⌬modA strain, the ⌬modA strain plus W, or PAO1 plus W and demonstrated that when Mo accumulation was impaired, nitrate reductase activity was essentially abrogated (Fig. 3B) . Furthermore, when sufficient intracellular Mo was present, as was the case for PAO1, the ⌬modA strain plus Mo, and PAO1 plus Mo plus W, nitrate reduction was facilitated. Taken together, these data indicate that ModA has an essential role in recruitment of Mo for nitrate reduction, a process prevented by W competing for import by ModA. We then examined the ability of P. aeruginosa to reduce nitrate in the presence of W by performing an anaerobic shift experiment. The wild-type and the ⌬modA strains were grown initially to an OD 600 of 0.6 and then shifted to anaerobic conditions for 2 h. During this transition to anaerobiosis, the cells were forced to switch to nitrate reduction for energy production. Molybdenum limitation in the ⌬modA strain and ⌬modA strain plus W similarly resulted in impaired nitrate reductase activity (Fig. 3C) . The inhibition of nitrate reduction activity in the ⌬modA strain supplemented with W also suggests that W was unable to functionally substitute for Mo within the Mo-bis MGD-dependent NarGHI nitrate reductase complex. Interestingly, the wild-type strain supplemented with W did not exhibit a significant impairment of nitrate reductase activity, with recorded levels similar to those of PAO1 and PAO1 plus Mo plus W (Fig.  3C) . When considering the high concentration of W present in the cell (91.57 and 129.4 g W · g cells Ϫ1 for PAO1 plus W and PAO1 plus Mo plus W, respectively), this result indicated that W was not inherently toxic to the nitrate reductase enzymes.
We then sought to confirm that the inability of the ⌬modA strain to reduce nitrate was due to Mo deficiency, rather than other effects, such as a lower abundance of nitrate reductase enzyme. Transcriptional analyses of the wild-type and ⌬modA P. aeruginosa strains revealed that the narK 1 K 2 GHJI operon was equally upregulated in the two strains during the 2-h anaerobic shift, as indicated by narK1 mRNA levels (Fig. 4A) . Transcription of moaC and nosD (Fig. 4B and C) , two other components of the nitrate reduction pathway, was also assessed, with upregulation observed in both strains during the nitrate-supplemented anaerobic shift (ϩ NO 3 Ϫ O 2 ). However, this upregulation was signif- icantly lower in the ⌬modA strain than in the wild-type strain, most likely due to the lack of nitrate reduction, which is crucial for activating additional downstream transcription regulators via the production of nitric oxide (43) . Taken together, these transcriptional analyses further support the crucial role of Mo homeostasis in the nitrate reduction pathway and the ability of P. aeruginosa to grow anaerobically. Nitrate reduction limits biofilm formation and alters cell membrane composition. Biofilm formation by P. aeruginosa is of major significance for colonization of both biotic and abiotic surfaces (44, 45) . We investigated in vitro biofilm formation on polycarbonate tubes by the wild-type and ⌬modA strains in the absence and presence of nitrate (Fig. 5) . We observed that the inability to acquire Mo did not alter the production of biofilm by the ⌬modA strain in comparison with the wild type. However, upon supplementation with 100 mM KNO 3 , thereby facilitating nitrate reduction, the wild-type strain showed a significant 84% reduction in biofilm (P ϭ 0.0139), whereas the ⌬modA strain showed no significant change. The reduction in biofilm was also achieved by the ⌬modA strain supplemented with 100 mM KNO 3 and 10 mM Mo (P ϭ 0.0012). Taken together, these data demonstrate that biofilm formation does not require ModA and hence, by extension, Mo. Furthermore, these data also show that nitrate reduction inhibits biofilm formation and may have a role in driving dispersal, although this requires further investigation.
Transition from the planktonic state to biofilm lifestyle has previously been shown to result in an alteration of the bacterial cell membrane lipid content (46) . Consequently, we investigated the fatty acid (FA) composition of the wild-type and ⌬modA strains grown with and without KNO 3 (Fig. 6 ). These analyses indicated 3 . Nitrate reductase expressed in arbitrary units, as the mean Ϯ standard error of the mean, with experiments performed in biological duplicates on 3 separate occasions. Where indicated, Mo and W were supplied at 10 mM as Na 2 MoO 4 and Na 2 WO 4 , respectively. In each panel, statistical significance was determined using a two-tailed unpaired Student t test, where * represents a P value of Ͻ0.05, ** represents a P value of Ͻ0.01, *** represents a P value of Ͻ0.005, and **** represents a P value of Ͻ0.0001.
FIG 4
Transcriptional response to nitrate supplementation and anaerobic conditions. Relative expression levels of genes involved in nitrate reduction, corrected for rpoD, were determined for the PAO1 and ⌬modA strains grown to an OD 600 of 0.6 in CDM. "ϩ NO 3 " indicates that cultures were supplemented with 100 mM KNO 3 throughout growth, with Ϫ O 2 denoting 2-h anaerobic shift cultures. Data represent means Ϯ standard errors of the means, with n Ն 3 biological replicates. Statistical significance was determined using a two-tailed unpaired Student t test, where * represents a P value of Ͻ0.05, ** represents a P value of Ͻ0.01, and **** represents a P value of Ͻ0.0001. that the P. aeruginosa cell membranes consist predominantly of 16-and 18-carbon FAs, with the saturated 16:0 (16-carbon acyl chain) and monounsaturated 18:1n-7 (18-carbon acyl chain with a double bond in the ⌬7 position) FAs each comprising ϳ30 to 40% of the total FA pool ( Fig. 6A and E) . The FA compositions of the wild-type and ⌬modA strains were essentially the same when grown in the absence of nitrate. Interestingly, the nitrate-reducing strain (PAO1 plus KNO 3 ) exhibited a higher proportion of 16:0, 16:1n-7, and 18:0 than did the ⌬modA strain supplemented with nitrate (Fig. 6A, B, and D) . Strikingly, major differences in the presence of trans monounsaturated FAs were seen. Culturing of PAO1 plus KNO 3 resulted in significantly lower levels (Ͼ30-fold) of t16:1 (1 trans double bond) and t18:1n-7 (1 trans double bond in the ⌬7 position) (Fig. 6C and F) , an effect likely due to differences in cis-trans isomerization. Consequently, we assessed the transcription levels of the cis-trans isomerase (CTI; PA1846), and demonstrated CTI to be upregulated in strains that do not reduce nitrate (Ͼ3-fold) (Fig. 7A) , corresponding with the higher levels of trans fatty acids ( Fig. 6C and F) . While the presence of unsaturated FAs leads to a more fluid cell membrane, the acyl chains of trans unsaturated FAs are straight, allowing tighter packing and providing increased rigidity. The benefits of a more rigid cell membrane under these conditions are currently unknown.
FIG 5
Anaerobic respiration reduces biofilm formation. Static biofilm formation after 24 h was assessed by 0.1% crystal violet staining and measuring absorbance at OD 595 . Means Ϯ standard errors of the means shown for biological duplicates on 3 separate occasions. Statistical significance was determined using a two-tailed unpaired Student t test, where * represents a P value of Ͻ0.05 and ** represents a P value of Ͻ0.01. The data represent the means Ϯ standard errors of the means, with n Ն 3 biological replicates. Statistical significance was determined using a two-tailed unpaired Student t test, where * represents a P value of Ͻ0.05, ** represents a P value of Ͻ0.01, *** represents a P value of Ͻ0.005, and **** represents a P value of Ͻ0.0001.
In contrast to our data, most studies to date have suggested that pseudomonal CTIs are constitutively expressed (47) . However, resistance to hydrocarbons, in particular toluene, has previously been linked with the isomerization of cis to trans FAs through an upregulation of CTI (up to 1.4-fold) in P. putida (48) . Consistent with the Ͼ3-fold upregulation of CTI that we observed in cells unable to reduce nitrate, we sought to determine whether a lack of nitrate reduction, and hence upregulation of CTI and trans FA abundance, provided P. aeruginosa with the ability to associate with hydrocarbons via increased hydrophobicity. To do so, we incubated P. aeruginosa with xylene in a bacterial-adhesion-tohydrocarbons (BATH) assay. Our results corroborate previous observations, in that a greater abundance of trans FAs correlates with the ability of cells to associate with the hydrophobic xylene phase (48) , in contrast to cells containing very low levels of trans FAs (Fig. 7B ), which associate with the aqueous/hydrophilic buffer. Collectively, these data show that cells unable to reduce nitrate have a distinct FA composition compared to those capable of nitrate reduction, with this difference attributable to the differential expression of CTI. Consequently, this may facilitate an enhanced tolerance to hydrocarbons and assist with the persistence of the bacterium in diverse environments.
DISCUSSION
Molybdate is an essential transition element. Here, we have reported on the PA1861-PA1863 operon and provided direct evidence for its role as the Mo ABC import system, modABC, of P. aeruginosa. Deletion of the SBP component of the ABC permease, ModA, abrogated Mo accumulation. This impairment was consistent with characterization of other ABC permeases, in which transport is dependent on the SBP to deliver the cargo for cellular uptake. A detailed biochemical characterization of ModA further confirmed its role as a Mo-recruiting SBP, and primary sequence analysis supported its classification within the cluster D-III subgroup of ABC transporter-associated SBPs, along with other Morecruiting SBPs. The limited bioavailability of Mo in some environmental niches has led to certain organisms also utilizing W due to its capacity for similar redox chemistry. Biochemical characterization of P. aeruginosa ModA also revealed that, similarly to ModA from E. coli (24) , the SBP was also competent for interaction with W. As W has no known role in Pseudomonas, and the relative environmental abundance of W is on the order of 100-fold lower in most environments, this interaction is most likely nonphysiological (49) . However, as P. aeruginosa is unlikely to encounter significant concentrations of W in its native environments, the capacity of ModA to interact with W does not appear to exert a fitness cost on the bacterium. Thus, our findings also highlight an apparent limitation in how ModA and related cluster D SBPs discriminate between structurally similar oxyanions. Overall, this observation is consistent with a growing body of evidence which indicates that the selectivity of the SBPs is ultimately constrained by the composition of the ligand-binding site. That is, the chemical properties of the side chains required to coordinate the cognate ligand, e.g., Mo, also permit other ligands with similar structural or chemical characteristics, e.g., W, to interact with the SBP. In this work, we have shown that W is capable of competing with Mo for ModA in P. aeruginosa and results in cellular Mo depletion.
Although W is capable of similar redox chemistry, it does not appear to be capable of functionally replacing Mo in the NarGHI nitrate reductase complex. Whether this arises from issues in the formation of the oxyanion-derived cofactor or is due to the inability of NarG to utilize a W cofactor remains to be determined. Rather, the toxicity of W is achieved via its competition with Mo binding to ModA and potential repression of modABC transcription via substitution in ModE. Together, these behaviors lead to depletion of intracellular Mo and impairment of the organism's capacity to further acquire the oxyanion.
Here, we have shown that Mo acquisition is directly linked to anaerobic nitrate reduction for in vitro growth. Interestingly, we observed that biofilm formation was inhibited when P. aeruginosa employed anaerobic nitrate respiration. Furthermore, anaerobic cultures grown in vitro in the presence of nitrate did not form biofilms after 24 h (data not shown). Nitric oxide, a product of nitrate reduction, has been shown to act as a signaling molecule when present at sublethal concentrations, driving dispersal of biofilms (50) . Consequently, this by-product of nitrate respiration could be responsible for the inhibition of biofilm formation observed in our experiments.
The effect of Mo accumulation and nitrate reduction upon the fatty acid composition of Pseudomonas cell membranes has not, to our knowledge, been previously investigated. Consequently, we sought to ascertain the impact of these environmental effects on the trans fatty acid content. cis-trans isomerization has previously been reported in association with environmental stresses such as changes in elevated temperatures or the presence of toxic substances (51) . Similar to saturated FAs, trans FAs are capable of more dense packing within the membrane, making it more rigid and less permeable. We observed that the inability to reduce nitrate was associated with a higher trans FA content. The isomerization of preexisting cis to trans FAs may be a stress response of cells unable to reduce nitrate due to a lack of Mo. Accordingly, our transcriptional analysis demonstrated the gene encoding CTI, the enzyme responsible for converting cis FAs to trans FAs, to be upregulated in strains unable to reduce nitrate, providing an explanation for the higher trans FA content. Although this finding con- The bacterial-adherence-to-hydrocarbons (BATH) assay was performed using xylene. Changes in membrane lipid hydrophobicity are reflected in altered adherence to xylene. The "ϩ NO 3 " notation indicates that cultures were grown with 100 mM KNO 3 . Data represent the means Ϯ standard errors of the means, where n is Ն3 independent biological replicates. Statistical significance was determined using a two-tailed unpaired Student t test, where * represents a P value of Ͻ0.05 and *** represents a P value of Ͻ0.005. tradicts a previous report, which indicated that CTI was constitutively expressed (52), our results indicate that cis-trans isomerization of the P. aeruginosa FAs may be induced as a component of cellular stress response mechanisms. However, the consequences of such changes in the fatty acid composition, and consequently membrane fluidity and hydrophobicity, require further investigation.
Conclusions. This study provides a detailed characterization of ModABC, the primary Mo uptake pathway of P. aeruginosa. Our study indicates that the toxicity of W is multifaceted and is mediated via the limitation of Mo import. Further, we have shown how anaerobic nitrate respiration modulates biofilm dispersal and the FA composition of the bacterial cell membrane. These properties, both of which facilitate the survival of P. aeruginosa in diverse and dynamic environments, have major implications for understanding how this bacterium adapts to environmental stimuli and may be applicable to other Gram-negative environmental organisms and opportunistic pathogens.
